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Abstract— Single-cell dielectrophoretic movement and 
dielectrophoretic deformation of monocyte cells were 
interrogated applying 20 Vpp, 50 kHz to 1 MHz signal in the 3D 
carbon electrode array. Heterogeneity of the monocyte 
population is shown in terms of the crossover frequencies, 
translational movement, and deformation index of the cells. The 
results presented that crossover range for monocytes was 100 
kHz-200 kHz, the translational movement of the cells was 
rapidly altered when the initial positions of the cells were in the 
negative dielectrophoretic region. Finally, the deformation index 
of the monocyte population varied from 0.5 to 1.5.  
 
I. INTRODUCTION 
Monocytes compose 5% of leukocytes in the human body 
and hold an important role in the immune system. 
Understanding the origin and fate of monocytes is crucial to 
underline their behavior in the cancer microenvironment. 
Monocytes have different roles in tumor progression from 
tumor formation to invasion, metastasis, and angiogenesis [1, 
2]. In particular, tumor-associated macrophages (TAM) are 
one of the key players in tumor development and progression 
in many types of cancer [3, 4, 5]. TAM are monocyte-derived 
immune cells and are classified based on their cytokines and 
immune functions as M1- and M2-polarized subtypes [6]. The 
M1 subtype suppresses while the M2 subtype promotes tumor 
growth. Therefore, understanding population heterogeneity, 
isolation and characterization of monocytes and monocyte 
subpopulations are required for precise diagnostics of tumor 
grades and development of personalized medicine.  
Here, we use Dielectrophoresis (DEP) to characterize such 
population heterogeneity. Since DEP does not require any pre-
labelling of the cells, it allows for direct characterization of 
monocyte subtypes based on their intrinsic properties without 
altering their genotype and phenotype. In addition to DEP [7], 
there are several well-established cell separation and 
characterization methods. Fluorescence-activated cell sorting 
(FACS) [8, 9] and magnetic-activated cell sorting (MACS) 
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[10] techniques are among the widely used cell enrichment and 
isolation methods. Moreover, hydrodynamic forces [11, 12], 
optical tweezers [13] and free flow acoustophoresis (FFA) [14] 
have been used for cell enrichment and manipulation.  
DEP has many advantages, such as cells remain viable, 
maintain their genetic and phenotypic properties [15], and it is 
a low-cost technique in terms of not requiring fluorescent 
labels on the cells [16, 17, 18]. Dielectrophoretic responses of 
cells can be monitored when the cells are exposed to the 
nonuniformly distributed electric field in the low-conductive 
suspension medium. Hence, cells are experienced either 
attractive dielectrophoretic forces, or repulsive 
dielectrophoretic forces according to their polarizability [7, 
19]. DEP has been used not only for cell isolation but also for 
manipulation of cells [20, 21, 22], DNA [23] and proteins [24].  
Dielectrophoretic forces have been generated by patterned 
electrodes in microfluidic channels. In the earlier studies, 
various geometries and dimensions have been tested for 
electrodes in order to optimize dielectrophoretic stimuli of 
particles or biologic samples [25]. Recent studies in 
dielectrophoresis community mostly focused on rapid 
detection, low cost and high-throughput cell enrichment [16, 
26, 27, 28]. Hence, the manufacturing of dielectrophoresis 
platforms, low-cost material usage, disposable and 
environment-friendly products become important.  
Furthermore, we used 3-dimensional carbon electrodes (3D 
carbon DEP) to create dielectrophoretic forces that might 
reflect the heterogeneity of monocyte populations [29, 30]. We 
quantified the displacement and deformation of monocytes 
under the influences of dielectrophoretic forces when 20 Vpeak-
to-peak (Vpp) voltage with frequencies ranging from 50 kHz to 1 
MHz have been applied. We analyzed the position of the single 
cells in the 3D carbon DEP chip to determine the 
dielectrophoretic responses of the single monocyte cells. We 
measured the height and width of the cells to calculate the 
deformation index of the cells [31].  
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II. MATERIALS AND METHODS 
1. 3D CARBON-DEP DEVICE MANUFACTURING 
The fabrication of 3D carbon-microelectrodes has been 
described in detail [32, 33]. In short, a two-step 
photolithography process with SU-8 (Gersteltec, Pully, 
Switzerland) was implemented on a silicon wafer to create the 
3D precursor structure to the micro-electrodes. The photoresist 
pattern was then carbonized at 1000°C in a nitrogen 
atmosphere. The carbon electrode array featured 218 
intercalated rows with 14 or 15 electrodes each. Individual 
electrodes had a height of 100 μm and a diameter of 50 μm. A 
thin layer of SU-8 was then applied to isolate the planar 
connectors and make the bottom channel plane. From a 127 
mm thick double-sided pressure-sensitive adhesive (PSA, 
Switchmark 212R, Flexcon, Spencer, MA, USA), a 1.8 mm 
wide, 3.2 cm long channel was cut and glued to a pre-drilled 
polycarbonate [34]. This arrangement was then manually 
placed around the carbon-electrode array and closed using a 
rolling press. 
2. DEP Buffer Preparation 
A DEP buffer with low electrical conductivity was 
prepared according to previous formula [35], 8.6% sucrose 
(Product no: LC-4469.1, neoFroxx, Hesse, Germany), 0.3% 
glucose (CAS Number 59-99-7, Sigma-Aldrich, Darmstadt, in 
accordance with the pre-specified formula [34], Germany) and 
0.1% dilution. Bovine Serum Albumin in distilled water (BSA, 
Product Code: P06-1391050, PAN-Biotech, Aidenbach, 
Germany). The conductivity of the final suspension was 20 μS 
/ cm as measured (Corning Model 311 Portable Conductivity 
Meter, Cambridge Scientific Products, Watertown, MA, 
USA). 
3. Cell Preparation 
U937 monocyte cells are human myeloid leukemia cell 
lines obtained from the American Type Culture Collection 
(ATCC, Manassas, VA, USA) were maintained in 10% fetal 
bovine serum (FBS; PAN-Biotech, Aidenbach, Germany) 
RPMI (Roswell Park Memorial Institute) - 1640 medium 
(Product Number: P04-18047, PAN-Biotech, Aidenbach, 
Germany) 37°C from (EC 160 CO2 Incubator, Nuva, Ankara, 
Turkey) in a humidified incubator at 5% CO2 - 95% air 
atmosphere in plastic bottles. 
Cells were centrifuged at 3000 rpm (Z601039 - Hettich® 
EBA 20 centrifuge, Merck, Darmstadt, Germany) for 5 
minutes to remove the remaining culture medium and 
resuspended twice in DEP buffer.  
4. Experimental Setup 
The experimental setup consisted of the signal generator 
(Model: GFG-8216A, GW Instek, New Taipei City, Taiwan), 
an oscilloscope (Part Number: 54622D, Agilent Technologies, 
Santa Clara, CA, USA) to create the electric field. A desktop-
acquired, upright microscope (Model: Nikon ME600 Eclipse, 
Nikon Instruments Inc., Melville, NY, USA) to acquire and 
analyze cells for monitoring, recording and analyzing images 
(Hewlett-Packard Company, Palo Alto, CA, USA), a 
programmable syringe pump to flow cells and DEP buffer 
(Model: NE-1000, New Era Pump Systems Inc, Farmingdale, 
NY, USA) and our 3D carbon-DEP device. To create a 
reservoir, 20–200 μL pipette tips (Manufacturer ID: 
3120000917, Eppendorf, Hamburg, Germany) used as a 
reservoir at the inlet and outlet of the microchannel. Tygon 
micro-perforated tube (Manufacturer ID: AAQ02103-CP S-
54-HL, Cole-Parmer, Vernon Hills, IL, USA) was used to 
connect the syringes and microchannels of the 3D carbon-DEP 
chip. 
5. Experimental Procedure 
First, the 3D carbonDEP chip was sterilized with 70% 
Ethanol and rinsed with DI (deionized) water. Next, the chip 
was filled with DEP buffer and all the bubbles on the chip were 
removed. 40 µL of the cell suspension was loaded into the chip 
using a syringe pump. The flow rate was 10 µL/min. When the 
cells reached the electrode area, the flow was stopped, and the 
cells were released for 30 seconds. A signal with 20 Vpp 
frequencies ranging from 50 kHz - 1 MHz was then applied 
using the function generator [36]. The movement of the cells 
was generated due to the dielectrophoretic forces, there was no 
fluid flow in the microfluidic device.  
6. Image Acquisition and Analysis 
All images were recorded using a 10 × lens mounted on the 
Nikon Eclipse vertical optical microscope. Then, the acquired 
images were analyzed using ImageJ (version 2.0 National 
Institutes of Health, Rockville, MD, USA). Since each image 
considers the location information of the cells for a given 
frequency, we measured the positions of the cells in the 
electrode array. Afterwards, we evaluated the location of the 
cells according to type and magnitude of the dielectrophoretic 
forces they experienced. The dielectric forces are valued from 
3 to -3. The dielectric force on 3 considered as the strongest 
pDEP and -3 as the strongest nDEP. We used VideoLAN 
Client (VLC, VideoLAN version 1.8, Paris, France) to convert 
image sequences into the movies.  
III. RESULTS 
DEP allows characterization of cells based on their 
electrical polarizability and the resulting specific translational 
dielectrophoretic forces ( FDEP) given in (1).    
  FDEP = 2πεmr
3Re[fCM]∇Erms
2         (1) 
where applied electric field (E) and the permittivity of the 
suspending medium (ℇm) are the parameters that equally affects 
all types of cells in the electrode array. However, the real part 
of the Clausius-Mossotti factor Re[fcm(ω)] introduces 
specificity based on the membrane thickness (d), radius (r), 
conductivity (σint) and permittivity of the cells (ℇint) and their 
surrounding buffer, in (2, 3),  
                  fcm =
ℇeff
∗ −ℇm
∗
ℇeff
∗ +2ℇm
∗            (2)  
 
where ℇm
∗  is the complex permittivity of the medium, ℇeff
∗  is 
the effective permittivity of the cell using (3) and (4), 
according to single-shell model, the imaginary number (j) [25, 
26]. 
                           ℇ∗ = ℇ −  
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ω
               (3) 
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These intrinsic dielectric properties determine the 
polarizability of the cells under the applied non-uniform 
electric field. Hence, each specific cell type will experience a 
specific DEP force. When the Re[fcm(ω)] is positive, the cells 
migrate towards regions of high electric field gradient in a 
phenomenon known as positive-DEP (pDEP). When the 
Re[fcm(ω)] is negative, negative DEP (nDEP) occurs, and 
cells migrate away from the field gradient. The frequency 
when the cells experience zero FDEP is defined as the crossover 
frequency (CF). 
In order to determine the dielectrophoretic responses of 
the cells, the location of each cell was measured in each 
frequency when the electric field was applied. Fig. 1 
illustrated the number of cells those experienced strong pDEP 
(3), pDEP (2), weak pDEP (1), CF (0), weak nDEP (-1), nDEP 
(-2), strong nDEP (-3) at 50 kHz, 100 kHz, 200 kHz, 300 kHz, 
400 kHz and 1000 kHz frequencies when 20 Vpp  was applied.  
 In order to quantify heterogeneity of the monocyte 
population in terms of their dielectrophoretic behaviors at 
least 50 single cells were analyzed for each case. Fig. 2 shows 
the trajectory of single monocytes when they started their 
motion at CF, weak nDEP (-1), nDEP (-2) and strong nDEP 
(-3). When the cells started their movement at pDEP, they 
remained at pDEP region without moving to CF or nDEP.  
We followed 80 monocyte cells in the electrode array 
when DEP forces were acting on them. There was no fluid 
flow in the electrode array. We categorized cells according to 
their initial DEP responses. Fig. 2a presents the DEP behavior 
of the cells when they started their motion at CF.  
 
 
 
Figure 1. DEP response of the monocyte population. The number of 
monocyte cells was counted at strong pDEP (3), pDEP (2), weak pDEP (1), 
CF, weak nDEP (1), nDEP (2), strong nDEP (-3) regions of the electrode 
array when 50 kHz to 1 MHz frequency, 20 Vpp was applied. 80 cells for each 
frequency was counted.  
 
 
Figure 2. The trajectory of single monocytes in the presence of the 
nonuniform electric field with 20 Vpp, 100 kHz to 1 MHz frequency range. 
DEP responses of the cells when they started their behavior in the a) CF, b) 
weak nDEP, c) nDEP, d) strong nDEP regions of the electrode array.  
 
Next, we evaluated the responses of the monocytes when 
they started at weak nDEP (Fig. 2b), nDEP (Fig. 2c), and 
strong nDEP (Fig. 2d). As mentioned above, we used fluid 
flow to load the cells into the microfluidic device, there was 
no any fluid flow in the electrode array during the 
experiments. 
In the absence of the fluid flow, in the presence of the 
DEP forces, the diameters of the cells changed as shown in 
Fig. 3. We measured the height (H) and width (W) of the 50 
monocyte cells for each frequency ranging from 100 kHz to 1 
MHz when 20 Vpp was applied.  
 
 
  
 
Figure 3. DEP deformation indexes for monocyte population. Deformation 
index was calculated by measuring the height and width of the single 
monocytes. 50 monocytes were analyzed for each frequency (Supplementary 
movie). Red lines show means and standard error values. 
 
We calculated the deformation index (DI) of each 
monocyte using the following formula (5) as described in 
[26]. 
𝐷𝐼 =  
𝐻
𝑊
                   (5) 
 
Fig. 4, as a representative, shows the deformation of 
single monocytes in the presences of DEP forces. We 
measured the height and width of three monocytes frame-by-
frame to follow the change of their deformation index for the 
varying DEP forces. We labelled monocytes in red, blue and 
yellow lines in the images, Fig. 4a. Fig. 4b displays the change 
of monocyte deformation index (labelled in Fig. 4a) according 
to applied dielectrophoretic forces.  
 
 
Figure 4. DEP deformation trend for the single monocytes. a) Snapshots of 
electrode arrays with labeled cells that shows motion and deformation of cells 
during the applied electric field (Supplementary movie). b) The change in the 
deformation index for the labeled cells in the electrode array.  
 
IV. CONCLUSION 
Here we presented experiments that quantify heterogeneity of 
monocytes according to their intrinsic dielectrophoretic 
properties in terms of dielectrophoretic movement and 
dielectrophoretic deformation index at the single-cell level. 
We conclude that the change of the deformation index is 
correlated with the generated DEP forces on the monocytes. 
When the cells are attracted by strong pDEP, their height 
decreases, and width increases then their deformation index 
become less than 1. When the cells are at the crossover 
frequency, the existing DEP forces are so weak, almost zero, 
therefore, deformation index of the cells was closer to one. 
When the electrodes repel the cells, their deformation index 
increases. In this study, we particularly emphasize on DEP 
generated deformation index of monocytes since monocytes 
and other white blood cells are capable of infiltrating different 
types of tissue. The intrinsic cellular heterogeneity of white 
blood cells might phenotypically affect their plasticity that we 
can quantity using DEP.  
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